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Abstract  
Objective: To investigate the effectiveness of quantitative MRI for evaluating the quality of cartilage 
repair over time following allograft chondrocyte implantation using a three-dimensional scaffold 
for osteochondral lesions. 
Design: Thirty knees from 15 rabbits were analyzed. An osteochondral defect (diameter, 4 mm; 
depth, 1 mm) was created on the patellar groove of the femur in both legs. The defects were filled 
with a chondrocyte-seeded scaffold in the right knee and an empty scaffold in the left knee. Five 
rabbits each were euthanized at 4, 8, and 12 weeks and their knees were examined via 
macroscopic inspection, histological and biochemical analysis, and quantitative MRI (T2 mapping 
and dGEMRIC) to assess the state of tissue repair following allograft chondrocyte implantation with 
a three-dimensional scaffold for osteochondral lesions. 
Results: Comparatively good regenerative cartilage was observed both macroscopically and 
histologically. In both chondrocyte-seeded and control knees, the T2 values of repair tissues were 
highest at 4 weeks and showed a tendency to decrease with time. ΔR1 values of dGEMRIC also 
tended to decrease with time in both groups, and the mean ΔR1 was significantly lower in the 
CS-scaffold group than in the control group at all time points. ΔR1 = 1/r (R1post - R1pre), where r is 
the relaxivity of Gd-DTPA2-, R1 = 1/T1 (longitudinal relaxation time).  
Conclusion: T2 mapping and dGEMRIC were both effective for evaluating tissue repair after 
allograft chondrocyte implantation. ΔR1 values of dGEMRIC represented good correlation with 
histologically and biochemically even at early stages after the implantation.   
 
Key words: Magnetic resonance imaging, T2 mapping, dGEMRIC, osteochondral defect, allograft 
chondrocyte implantation, cartilage repair. 
 
Introduction 
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Articular cartilage is optimized to reduce friction and distribute weight evenly throughout the joint. 
It is hypocellular, with only 4% of its wet weight consisting of chondrocytes. Its main components 
are water and the extracellular matrix; the latter is composed of type II collagen (15-20% of weight) 
and proteoglycans (3-10% of weight). The protein cores of proteoglycans are lined by covalent 
attachments to glycosaminoglycans (GAG)1. However, the ability of articular cartilage to repair 
itself after injury is very limited2. Numerous strategies have been used to induce cartilage repair at 
damaged sites, including microfracture3, subchondral drilling4, osteochondral autograft 
transplantation5, allograft chondrocyte implantation6, and autologous chondrocyte implantation 
(ACI)7. ACI is generally understood as the most effective of these methods for repairing hyaline 
articular cartilage7. Good clinical results have been reported in long-term follow-up studies8. Yet 
cartilage defects repaired by ACI are not always repaired with hyaline or hyaline-like cartilage: 
some are repaired by fibrous cartilage, which could reduce long-term durability7. In addition, ACI 
has certain disadvantages: it requires two surgical interventions as well as in-vitro cell expansion, 
steps which lead to higher costs, longer recovery times, and the risk of cellular dedifferentiation7. 
Moreover, it can be somewhat difficult for elderly people to obtain sufficient numbers of 
chondrocytes with adequate differentiation potency7. A previous study proved the importance of 
chondrocyte proliferation potency not only at the recipient site but also at the donor site9. The 
cartilage was more successfully regenerated when allogenic chondrocytes from young rabbits 
rather than matured rabbits were used. 
In addition to cell source-related issues, the cell culture scaffold is an important factor in 
cartilage repair. In first generation ACI, cultured chondrocytes are injected beneath a periosteal 
flap sutured to the edges of the prepared chondral defect. This method can cause loss of implanted 
cells into the joint cavity and uneven cell distribution10,11. In addition, the resulting monolayer 
culture is mechanically too weak to maintain a desired shape and structure. An allograft 
chondrocyte implantation technique using a three-dimensional scaffold could allay some of these 
concerns and satisfy the growing clinical demand6. It should be noted, however, that allograft 
chondrocyte implantation using a three-dimensional scaffold might elicit an immune response, as 
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the cell source is an allograft and the scaffold is a foreign substance6. Moreover, this technique is 
not necessary associated with the best cartilage regeneration. Therefore, investigating how 
implanted chondrocytes engraft over time is an important step in determining the clinical 
usefulness and application of this promising procedure. Meanwhile, quantitative evaluation of 
tissue repair has been rather difficult because of a lack of noninvasive methods for monitoring 
tissue status. 
   Magnetic resonance imaging (MRI) is a noninvasive method of evaluating regenerated cartilage; 
conventional MR imaging techniques for cartilage have mainly been used for morphological 
evaluation12. In recent years, quantitative MRI techniques have been developed as monitoring the 
cartilage matrix status13. T2 mapping14, delayed gadolinium-enhanced MR imaging of cartilage 
(dGEMRIC) 15, T1rho mapping16, and diffusion-weighted imaging (DWI) have been introduced as 
effective methods of evaluating regenerative cartilage17. Previous studies have clarified the 
relationships between quantitative MRI techniques and biochemical assessments. T2 values 
indicate comprehensive cartilage status, including water concentration, proteoglycan 
concentration (principally, aggrecan measured as GAG), and collagen anisotropy15. dGEMRIC 
highlights the changes in GAG concentration that occur in degenerative cartilage in association with 
OA18,19. To date, however, no systematic study has evaluated cartilage repair over time through 
histological and biochemical analysis as well as through quantitative MRI. The aim of this study is to 
investigate the utility of quantitative MRI for evaluation of the quality of repaired tissues at several 
time points following allograft chondrocyte implantation using a three-dimensional scaffold for 
osteochondral lesions. 
 
Materials and methods 
 
ISOLATION AND CULTIVATION OF CHONDROCYTES 
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Healthy native cartilage was extracted from two New Zealand white rabbits (male, six weeks old, 
average weight 1.5 kg). The rabbits were anesthetized, and articular cartilage slices from the knee 
and shoulder joints were mixed for in-vitro culture as described in previous studies6. The 
chondrocytes were liberated by sequential digestion with pronase (Kaken Pharmaceutical Inc., 
Tokyo, Japan) or collagenase (Kaken Pharmaceutical Inc., Tokyo, Japan). The digested tissue was 
passed through a cell strainer (Becton Dickinson Labware Co. Ltd., Franklin Lakes, NJ, USA) with a 
pore size of 40μm. The ﬁltrate was centrifuged at 1500 rpm for 10 min to separate the cells. The 
4×106 harvested chondrocyte cells were cultured with 15 three-dimensional atelocollagen 
honeycomb-shaped scaffolds (with 1 mm thickness and 4 mm diameter, KOKEN Inc., Tokyo, Japan) 
in DMEM/F12 supplemented with 20% fetal bovine serum and 50g/mL ascorbic acid (Sigma-Aldrich, 
St. Louis, MO, USA) at 37°C in an atmosphere of 5% CO2 in air for two weeks. Preparation of the 
scaffold was performed in accordance with the method described by Masuoka et al.6. They 
investigated the quality of allograft chondrocyte implantation using the same types of scaffolds 
used in this study, and showed that cartilage cultured in vitro for 14 days retained sufficient 
elasticity and stiffness to be handled in vivo6. The cell-containing cultured scaffold was called a 
chondrocyte-seeded scaffold (CS-scaffold). 
 
TRANSPLANTATION OF CHONDROCYTES 
 
Fifteen New Zealand white rabbits (male, 12 weeks old, average weight 2 kg) were anesthetized 
with 3 ml of a mixture of 0.5% xylazine and 7.5% ketamine. Osteochondral lesions that completely 
penetrated the entire subchondral bone (1 mm depth, 4 mm diameter) were drilled on the patellar 
groove of the femur in both legs using a low-speed drill. The defects were filled with a CS scaffold in 
the right knee and with an empty scaffold (control) in the left knee. No periosteal patch or fibrin 
glue were used to attach the scaffold to the defect. Five rabbits each were euthanized at 4, 8, and 
12 weeks postoperatively. 
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SAMPLE PREPARATION FOR MRI 
 
The rabbits were euthanized at the indicated postoperative time points. The distal femurs including 
the operated sites were sawn into pieces, each containing a single defective area. Sample 
preparation for T2 mapping and dGEMRIC was performed as described in previously reported 
studies18,20. Each specimen was placed into a plastic tube that contained 0.9% normal saline kept at 
the ambient temperature of the MRI room. T2 mapping and pre-contrast MRI for dGEMRIC were 
performed, after which each specimen was placed into a plastic bottle containing 10 ml of 0.5 mM 
gadopentate dimeglumine (Gd-DTPA2- ; Magnevist®; Schering, Berlin, Germany) in 0.9% normal 
saline. These plastic bottles were placed into a refrigerator at 4°C and equilibrated overnight with 
continuous stirring. Each specimen was then placed into a plastic tube containing 0.5 mM 
Gd-DTPA2- in 0.9% normal saline, which was kept at the ambient temperature of the MRI room. 
Post-contrast MR imaging was then performed. 
 
MR IMAGING 
 
MR imaging was performed with an MR imaging system at 1.5 T (GE Healthcare, Milwaukee, WI, 
USA) with a custom-made, receive-only, 30-mm-diameter solenoid coil. For dGEMRIC, R1 
pre-contrast (R1pre) and R1post-contrast (R1post) measurements were performed according to the 
methods described in a previous study15. The local concentration of Gd-DTPA2- penetrating the 
tissue is governed by the equation: [Gd-DTPA2-] = 1/r (R1post - R1pre), where r is the relaxivity of 
Gd-DTPA2-, R1 = 1/T1 (longitudinal relaxation time). R1 measurement was performed using a 
fast-spin-echo inversion-recovery sequence (2670 ms repetition time, 14 ms echo time, seven 
inversion times of 40, 80, 160, 320, 640, 1280, and 2560 ms, 30×30 mm field of view, 1.0 mm 
section thickness, 384×384 matrix, and 130 kHz bandwidth). T2 measurement was performed using 
a multi-spin-echo sequence (1500 ms repetition time, 10 echo times of 10.9-109 ms, 30×30 mm 
field of view, 1.0 mm slice thickness, 384×384 matrix, and 280 kHz bandwidth). Single-slice 
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acquisition was used for both R1 and T2 measurements to exclude undesirable factors such as 
magnetization transfer and cross-talk9,10, both of which might occur if multislice acquisition were 
used. Pre-contrast MR imaging of the prepared specimen was performed on the day of euthanasia. 
On the following day, post-contrast MR imaging of the prepared specimen was performed. The 
R1post measurement was performed in the same manner as the R1pre measurement. For the 
R1post measurement and T2 measurement, the corresponding slice that was used for the R1pre 
measurement was identiﬁed carefully based on the morphological images, which were acquired 
repeatedly if needed. 
 
IMAGING ANALYSIS 
 
Imaging analysis for dGEMRIC and T2 mapping was performed as described in a previously reported 
study15. R1pre, R1post, and the difference between R1pre and R1post (ΔR1)-calculated maps, as 
well as T2-calculated maps, were generated using MATLAB (The Mathworks, Natick, MA, USA) with 
a mono-exponential curve ﬁt. In MATLAB, color-coded R1- and T2-calculated maps of the cartilage, 
segmented manually, were overlaid on the inversion recovery image, which had an inversion time 
of 2560 ms, and on the MSE image, which had an echo time of 21.8 ms. For R1 and T2 
measurements, the region of interest containing repaired tissue was drawn manually over the 
whole repair site by a single musculoskeletal radiologist, who was blind to the type of scaffold 
implanted in each sample and the duration of the in-vivo culturing period.  
 
HISTOLOGICAL AND BIOCHEMICAL EVALUATIONS 
 
After MRI, the distal femurs were washed with saline. Each specimen was sectioned into halves 
through the center of the repair site. One half of the repaired tissue was used for histological 
evaluation according to the Kawamoto procedure21. The sections were evaluated microscopically 
and scored according to a histological grading scale in five categories with a total score ranging 
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from 0 to 14 points as described by Wakitani and colleagues (Table I)22. The other half of the 
specimen was harvested using scalpels and curettes and used for biochemical evaluations. The GAG 
concentration was measured by means of high performance liquid chromatography (HPLC). HPLC 
procedures were performed in accordance with the method described by Frazier et al. 23. 
  
STATISTICAL ANALYSIS 
 
The data were analyzed with the SPSS statistical package (SPSS, Chicago, IL, USA). The Wakitani 
score, GAG concentration, T1 value, and T2 value were compared between the control group and 
the CS-scaffold group by the Mann-Whitney U test. Values at different time points in the same 
group were compared using the Kruskal–Wallis test and the Steel–Dwass post-hoc test. The 
relationship between GAG concentration and the R1post and ΔR1 were compared by regression 
analysis. Statistical signiﬁcance was deﬁned as p < 0.05. 
 
Results 
 
IN-VITRO CULTIVATION OF CHONDROCYTES WITH SCAFFOLD 
 
After two weeks of stirred culture, macroscopic and histological assessments revealed that the 
scaffolds were translucent and elastic in in-vivo experiments. Chondrocytes in the scaffolds were 
homogeneous and maintained their typical small and round histological appearance (Fig. 1). 
 
MACROSCOPIC EXAMINATION 
 
In this study, a total of 15 rabbits were euthanized at 4, 8, and 12 weeks postoperatively. 
Macroscopically, there was no sign of immunogenic reaction, infection, or deviation of implanted 
scaffold. After four weeks in vivo, all five samples exhibited partial hemorrhage. In the CS-scaffold 
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group, on the other hand, parts of the repaired tissues appeared translucent. After eight weeks in 
vivo, white fibrous tissues were seen in parts of the repaired lesion in the control group; in the 
CS-scaffold group, in contrast, the repaired tissues resembled the surrounding native hyaline 
cartilage. After twelve weeks in vivo, further maturation was seen in both groups, and there was 
almost no difference between the control and CS-scaffold group (Fig. 2). 
 
HISTOLOGICAL AND BIOCHEMICAL EVALUATIONS 
 
After 4 weeks in vivo, the scaffold structure in the control group appeared to be nearly empty, little 
cellular infiltration could be seen. In the CS-scaffold group, in contrast, chondrocytes and 
extracellular matrix (ECM), both dyed a deep blue with toluidine blue, were seen in parts of the 
repaired tissue. After eight weeks in vivo, the defects were filled with fibrocartilage, though the 
surface was irregular in both groups. The cellular density and the concentration of ECM stained 
with toluidine blue had increased more dramatically in the CS-scaffold group than in the control 
group. After twelve weeks in vivo, the repair tissues had matured further in both groups, especially 
in the CS-scaffold group, where the tissues were completely filled with reparative tissue resembling 
hyaline cartilage (Fig. 3). A semi-quantitative histological evaluation was scored according to the 
Wakitani score. The repairing tissues in both the control group and the CS-scaffold group matured 
with time between 4 and 12 weeks, but at all time points the tissues in the CS-scaffold group were 
significantly more mature than those in the control group (Fig. 4, Table II). The biochemical 
assessments were performed by means of GAG assay. GAG concentrations in both groups 
increased over time from 4 to 12 weeks (Table II). 
  
QUANTITATIVE MRI ASSESSMENT 
 
T2 MAPPING AND dGEMRIC  
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In our repairing tissues, the T2 values in both groups were highest at 4 weeks, and showed a 
tendency to decrease over time (Fig. 5A). A significant difference between the control and 
CS-scaffold groups was seen after 8 weeks (Fig. 6A). As regards dGEMRIC, R1post-calculated maps 
of representative repair tissues are shown in Fig. 5B. ΔR1 values showed a tendency to decrease 
with time in both groups, and the mean ΔR1 was significantly lower in the CS-scaffold group than in 
the control group at all time points (p < 0.05) (Fig. 6B). 
 
DATA ANALYSIS 
 
The intra- and inter-observer reliability (intraclass correlation coefficients) were 0.92 (95% CI: 
0.89-0.94) and 0.80 (95% CI: 0.72-0.86), respectively, for T2 mapping and 0.93 (95% CI: 0.89-0.95) 
and 0.81 (95% CI: 0.74-0.87) for dGEMRIC. Significantly negative correlations were observed 
between T2 values and Wakitani scores as well as between ΔR1 and Wakitani scores. Significantly 
negative correlations were also observed between R1post and GAG concentration and between 
ΔR1 and GAG concentration (Fig. 7). 
 
Discussion 
 
In the present study, comparatively good regenerative cartilage was observed both macroscopically 
and histologically to results from allograft chondrocyte implantation with a three-dimensional 
scaffold for osteochondral lesion. The implanted tissues were seen to mature over time without 
triggering an immunologic response until at least 12 weeks. We selected young rabbits because 
their chondrocytes had good proliferation potency, and because, in a human study, cartilage was 
more successfully regenerated when articular chondrocytes from young subjects were used9. 
Indeed, in clinical settings, ACI has been used in rather young patients for cartilage defects after 
osteochondral lesions12. Future studies will have to test our protocol in rabbits of various ages, as 
the results may be changed when more mature rabbits are used. Allogenic chondrocyte 
T2 mapping and dGEMRIC for repaired cartilage 
12 
 
implantation has several merits. It is adaptable for treatment of cartilage defects in elderly people 
because it provides sufficient numbers of young chondrocytes with good proliferation potency. 
Second, chondrocytes proliferate readily and their cell properties do not vary from one individual 
to another, a trait that is usually seen in mesenchymal stem cells24. On the other hand, allogenic 
recipients do have a risk of immunological rejection. One study reported that allogenic 
implantation of isolated rabbit chondrocytes elicits an immune response in 10 days that gradually 
destroys the resulting cartilage tissue24. Osteochondral allograft implantation; however, has 
demonstrated a high success rate as deﬁned by graft survival and good/excellent patient 
evaluations without risk of rejection in previous studies25,26. This is possible partly because 
chondrocytes remain viable when transplanted within their dense surrounding matrix of a tissue 
graft or engineered construct. More specifically, the presence of an extracellular matrix is believed 
to form a protective barrier around the chondrocytes that blocks both the infiltration of host 
immune cells into the graft as well as the escape of immunogenic chondrocytes out of the graft27. 
The results of this study are not necessarily identical to the results that can be expected in human 
beings; it has, however, great potential to be clinically useful. Further studies will need to confirm 
that no immunological responses or other problems occur over a longer follow-up period after 
implantation.  
Another important factor in cartilage repair is the choice of scaffold, and several types of 
scaffolds are available for use in treating cartilage injury6,8,29. We chose a three-dimensional 
atelocollagen honeycomb-shaped scaffold for our tissue engineering. The high-density 
three-dimensional culture system used with this scaffold allows chondrocytes to maintain their 
phenotypes and their ability to produce the extracellular molecules that are required for tissue 
reconstruction14,30. Chondrocytes cultivated in-vitro in these scaffolds in the present study were 
homogeneous and their structure was well organized, as observed in macroscopic and histological 
assessments conducted two weeks after implantation (Fig. 1). Masuoka et al. investigated repaired 
cartilage after articular osteochondral defects using the same type of scaffold used in the current 
study. They found that GAG content in the scaffold was up–regulated as the formation of matrix 
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molecules in the scaffold progressed6. We created osteochondral lesions and implanted empty 
scaffolds (control) or CS-scaffolds. At 12 weeks after implantation, repaired tissues in the 
CS-scaffold group exhibited better histological results and GAG content compared to those in the 
control group. These results show that allograft chondrocyte implantation using these scaffolds 
should be the treatment of choice for promoting cartilage repair. Further studies will be needed to 
investigate the long-term durability and human adaptability of these scaffolds.  
 
T2 MAPPING 
 
T2 mapping provides information about the interaction of water molecules and the collagen 
network within cartilage13,14,31. In animal studies, T2 mapping has been reported as a means of 
assessing cartilage repair. T2 values appear to be sensitive to the structural characteristics of the 
repaired tissue. In comparison to native cartilage, previous studies have shown that the decrease in 
T2 values associated with maturity of repaired tissues indicates decreased water concentration and 
collagen anisotropy in these tissues14,31. In this study, the T2 values tended to decrease over time in 
both the control group and the CS-scaffold group; this may represent a decrease in the water 
concentration and an increase in collagen anisotropy in the repaired tissue following its maturation. 
A significant difference between the groups was observed after eight weeks, suggesting that the 
water content and the degree of collagen anisotropy were already changing in the repair tissues by 
this time; there is some controversy, however, regarding which parameter is primarily represented 
by the T2 values14. This suggests that T2 values might be an effective biomarker for the overall 
state of a cartilage sample, incorporating both water concentration and collagen anisotropy, rather 
than indicating a single parameter. A significantly negative correlation was observed between T2 
values and Wakitani score (r = -0.67, p < 0.001), which also supports our considerations. In recent 
years, several sequences for fast T2 mapping have been introduced, such as the steady-state free 
precession (SSFP) technique32. This technique may promote the clinical application of T2 mapping.  
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dGEMRIC 
 
dGEMRIC is known to be a reliable technique for evaluating GAG concentration in articular 
cartilage15,28. The protocol for T2 mapping and dGEMRIC used in this study has rapidly become an 
established resource in daily clinical consultation33. Therefore, our results could be helpful for 
future clinical studies. This technique seems to highlight the changes in GAG concentration that 
occur in degenerative cartilage in association with OA18,19. It has been suggested that, in repaired 
tissue, not only a post-contrast T1 measurement but also a pre-contrast T1 measurement was 
necessary to evaluate the GAG concentration, as repaired tissue has a noticeable pre-contrast T1 
elevation compared to native cartilage34,35 . In the comparison analysis of ΔR1 and R1post, a 
correlation was observed between ΔR1 and GAG concentration (r = -0.64, p < 0.001) as well as 
between R1post and GAG concentration (r = -0.47, p = 0.008). There was no significant difference 
between the r-values (p = 0.363); however, ΔR1 may be a more sensitive tool than R1post for the 
measurement of GAG concentrations in regenerative cartilage, as previous studies have 
reported36,37. Our results showed that the ΔR1 value tended to decrease over time in the control 
and CS-scaffold groups. A significant correlation (r = -0.81, p < 0.001) was observed between T2 
value and Wakitani score as well as between ΔR1 value and Wakitani score (r = -0.67, p < 0.001). 
There was no significant difference between the r-values (p =0.320). ΔR1 revealed a significant 
difference between the control group and the CS-scaffold group at 4 weeks, although the T2 value 
did not represent the significant difference until 8 weeks. The results suggest that dGEMRIC may be 
useful for evaluating the status of repaired cartilage at an early stage in the maturity process after 
chondrocyte implantation, which cannot be evaluated by T2 mapping.  
 
OTHER MRI TECHNIQUES 
 
Several other MRI techniques provide reliable quantitative analysis of cartilage composition. T1rho 
mapping refers to the dissipation of energy by protons under the constant influence of a weak 
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radiofrequency, or spin lock, pulse in the transverse plane38. This pulse locks protons in phase to 
sequester T2 relaxation, and protons instead relax with the time constant T1rho. The relaxation 
behavior of water in close proximity to large macromolecules is affected by the presence of the 
spin lock pulse. These water protons dissipate energy faster than free water not associated with 
macromolecules can. Due to these properties of T1rho relaxation, this quantitative measure is 
believed to be inversely correlated with PG or GAG content, providing an indication of early OA39. 
Diffusion-weighted imaging (DWI) has recently provided yet another quantitative technique for 
measuring cartilage composition. This technique measures the translational motion of extracellular 
water molecules by applying diffusion-sensitizing gradients that cause mobile water protons to lose 
phase coherence and MR signal40. Other MRI techniques such as sodium MRI, Ultrashort TE, and 
gagCEST have also been studied42-43.  
Basic research has been conducted into the usefulness of T2 mapping, dGEMRIC and T1rho 
mapping in evaluating regenerative cartilage; there is little systematic evidence, however, 
regarding the usefulness of the other MRI techniques in evaluating regenerative cartilage in basic 
research. A combination of these MRI techniques with either T2 mapping or dGEMRIC might be 
particularly useful in evaluating regenerative cartilage. Consequently, an investigation into the 
effectiveness of each MRI technique in evaluating regenerative cartilage is an important next step. 
Our study had several limitations. First, we evaluated the specimens for only 12 postoperative 
weeks. We need longer follow-up times in order to evaluate the effectiveness and immunological 
rejection of allograft chondrocyte implantation with three-dimensional scaffold for osteochondral 
lesion. Second, the sample size was relatively small. It may not have been large enough to confirm 
the presence or absence of an immunological rejection or the large individual differences between 
certain tissues. Further studies are needed with larger numbers of samples. Third, the evaluation of 
the time-dependent change in each sample in vitro should be required in order to apply it clinically; 
yet multiple time-dependent quantitative MRI evaluations cannot be achieved in the same 
individual, and histological and biochemical evaluations from the same individual are also needed. 
Fourth, we did not evaluate the T2 and R1 pre/post values of the control and CS-scaffolds at time 
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zero in this study, though this data might have been useful. Fifth, regions of interest between 
repaired tissues and reference cartilage were drawn manually. This process might have influenced 
the results, though we confirmed the small margin of error using intraclass correlation coefficients. 
Automatic segmentation may help avoid the possible measurement errors caused by manual 
segmentation44. In addition, precise measurements of relaxation time were difficult to obtain using 
clinical MR imaging apparatus because many factors, including inhomogeneities in the magnetic 
field, can affect these results. The accuracy with which relaxation time is measured is an important 
limitation in any study using MRI. We believe, however, that our measurements were sufficiently 
accurate, as we set the MRI equipment as precisely as possible.  
T2 mapping and dGEMRIC were proven to be effective methods to investigate histological and 
biochemical parameters in this study. Moreover, these quantitative MRI methods can be used on 
both humans and animals; consequently, further study using time-dependent quantitative MRI in 
same individual would clarify the effectiveness of allograft chondrocyte implantation with 
three-dimensional scaffold. 
 
Conclusion 
 
Our results represented that both quantitative MRI methods were effective; however, ΔR1 values 
of dGMERIC might be more effective than T2 mapping for evaluating repair tissues at early stage 
after allograft chondrocyte implantation. 
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Figure legend 
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Fig. 1 
Representative appearance of the chondrocyte-seeded scaffold (CS-scaffold) after 2 weeks in vitro 
cultivation. (A) Histological observation of the CS-scaffold. The sample was stained with Safranin O. 
(B) (bar length, 100μm) 
 
Fig. 2 
Macroscopic assessment of repaired tissues of the control and CS-scaffold groups at 4, 8, and 12 
weeks. The defects are filled with white fibrous tissues with time in both groups. The repaired 
tissues at 12 weeks resembled the surrounding native hyaline cartilage in both the control and 
CS-scaffold groups. 
 
Fig. 3  
Histological assessment of repaired tissues of the control and CS-scaffold groups at 4, 8, and 12 
weeks. Toluidine blue staining of the implanted scaffold (bar length, 500μm). The repair tissues 
matured with time in both groups. The black arrows show the border between the native lesion 
and repaired tissue. The integration of repair tissues with native cartilage in the CS scaffold group 
were smoother in the CS-scaffold group.  
 
Fig. 4  
Wakitani score for histological evaluation. 
Wakitani scores in the control and CS-scaffold groups were significantly better over time. Moreover, 
the CS-scaffold group was significantly better scores than control group at all time point. (p < 0.05) 
Bars show the means ± 95% CI. (n = 5 knees in each group and time point) 
 
Fig.5 A, B 
Color coded T2 maps and dGEMRIC (post contrast T1 map) of representative specimens. Color 
coding was performed at the osteochondral defect site (arrowhead), at the border between the 
defect lesion and the adjacent native cartilage (arrows), and in the adjacent native cartilage. The 
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mean T2 and T1 values of native hyaline cartilage were approximately 30ms and 350ms, 
respectively. The color mappings in control and CS-scaffold groups had tendency to represent bluer 
as maturing progresses in both groups. The color mappings were conducted osteochondral defect 
and the adjacent native cartilage. Data are presented as the mean and 95% CI. (n = 5 knees in each 
group and time point) 
 
Fig.6 A, B 
The T2 values and ΔR1 showed tendency to decrease with time in both groups. The significant 
difference between control and CS-scaffold group were seen after 8 weeks. (A) (8W: p = 0.028, 
12W: p = 0.011) The significant difference between control and CS-scaffold group were seen at all 
time points. (B) (4W: p = 0.028, 8W: p = 0.009, 12W: p = 0.047) Bars show the means ± 95% CI. (n = 
5 knees in each group and time point)  
 
Fig. 7 
Quantitative correlations between T2 values and Wakitani score in repaired tissue (A) (r = -0.67, p < 
0.001), ΔR1 and Wakitani score in repaired tissue (B) (r = -0.81, p < 0.001), ΔR1 and GAG 
concentration (C) (r = -0.64, p < 0.001), R1 post and the GAG concentration. (D) (r = -0.47, p = 
0.008) (n = 30 in each graph) 
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